Theoretical and eddy covariance studies demonstrate that aerosol-loading stimulates canopy photosynthesis, but field evidence for the aerosol effect on tree growth is limited. Here, we measured in situ daily stem growth rates of aspen trees under a wide range of aerosol-loading in China. The results showed that daily stem growth rates were positively correlated with aerosol-loading, even at exceptionally high aerosol levels. Using structural equation modeling analysis, we showed that variations in stem growth rates can be largely attributed to two environmental variables covarying with aerosol loading: diffuse fraction of radiation and vapor pressure deficit (VPD). Furthermore, we found that these two factors influence stem growth by influencing photosynthesis from different parts of canopy. Using field observations and a mechanistic photosynthesis model, we demonstrate that photosynthetic rates of both sun and shade leaves increased under high aerosol-loading conditions but for different reasons. For sun leaves, the photosynthetic increase was primarily attributed to the concurrent lower VPD; for shade leaves, the positive aerosol effect was tightly connected with increased diffuse light. Overall, our study provides the first field evidence of increased tree growth under high aerosol loading. We highlight the importance of understanding biophysical mechanisms of aerosol-meteorology interactions, and incorporating the different pathways of aerosol effects into earth system models to improve the prediction of large-scale aerosol impacts, and the associated vegetation-mediated climate feedbacks.
| INTRODUCTION
Rapid economic growth has led to the emission of a large amount of particle matter into the atmosphere, which induces a dramatic increase in atmospheric aerosols, especially in East and South Asia (Hsu et al., 2012; Yoon et al., 2014) . Mean annual aerosol loading in these regions has increased by 1.2-1.8 times in the past decade (Yoon et al., 2014) and has become one of the most serious air quality problems. Aerosols have strong impacts on the interactions between the biosphere and the atmosphere, not only by altering the earth's surface energy budget, but also by mediating feedbacks between vegetation and climate (IPCC, 2013; Mahowald et al., 2011; Mercado et al., 2009 ). Both eddy covariance and model studies suggest that intermediate increase in aerosol loading generally enhances ecosystem carbon uptake (Cirino, Souza, Adams, & Artaxo, 2014; Cohan, Xu, Greenwald, Bergin, & Chameides, 2002; Gu et al., 2003; Knohl & Baldocchi, 2008) . Plant growth is a key indicator of the plant carbon uptake which would presumably increase under aerosol loadings. However, previous dendrochronology analysis often found no enhancement of tree-ring growth under historical aerosol increase due to major volcanic activities (Krakauer & Randerson, 2003; Mann, Fuentes, & Rutherford, 2012) ; thus, in situ observations on plant growth response to aerosol variations become necessary to understand whether plant growth also increases under aerosol loadings (Krakauer & Randerson, 2003; Mann et al., 2012; Rocha, Goulden, Dunn, & Wofsy, 2006) .
Aerosol can influence plant physiological processes through multiple pathways. First, aerosol-loading can reduce total solar radiation reaching the canopy. Second, the fraction of diffuse radiation, however, can increase under aerosol-laden skies, resulting in more sunlight penetrating tree canopy and alleviating the strong light limitation of inner canopy. This has been referred to as the diffuse radiation fertilization effect (Kanniah, Beringer, North, & Hutley, 2012; Mercado et al., 2009; Roderick, Farquhar, Berry, & Noble, 2001 ). Third, high aerosol loading is often concurrent with low vapor pressure deficit (VPD) (Cirino et al., 2014; Gu et al., 2002; Wu, Guan, et al., 2017) . This is because high aerosol optical depth (AOD) could decrease VPD through the cooling effect. On the other hand, high air humidity under low VPD condition could increase AOD because of the hygroscopic growth of particles (Ebert, Inerle-Hof, & Weinbruch, 2002; Hussein et al., 2006) . Lower VPD can stimulate stomatal conductance and thus enhance canopy photosynthesis (Collatz, Ball, Grivet, & Berry, 1991; Moriana, Villalobos, & Fereres, 2002) .
This effect of the covarying meteorological conditions can be as important as the diffuse radiation fertilization effect (Steiner & Chameides, 2005) and contributes to the sensitivity of ecosystem carbon exchanges to aerosols (Wohlfahrt et al., 2008) . Understanding how these pathways affect the physiological responses of growth and photosynthesis is crucial for predicting the effects of aerosol on vegetation dynamics and the ecosystem carbon cycle. Therefore, analysis of field observations of aerosol loading, meteorological conditions, plant growth, and photosynthesis at finer temporal (i.e., hourly and daily) scale can add more direct insights for better understanding the aerosol impacts. However, because manipulating aerosol loading in the field is challenging, few field observations have been made at leaf-and individual tree-scale, especially under exceptionally high aerosol-loading.
China is suffering severe aerosol pollution. Aerosol loading in the Beijing metropolitan area has a 4 to 7 days cycle of clean-to-polluted conditions (Guo et al., 2014) , with AOD varying over a large range (0.1-1.9) on cloudless days. The chronic elevated but also highly fluctuating aerosol levels there provide a unique opportunity for studying how tree stem growth and leaf photosynthesis respond to different aerosol levels. In this study, we conduct four-year intensive field campaigns (2012) (2013) (2014) (2015) in Beijing, China, to examine the response of aspen (Populus euramericana Neva.) to aerosols at tree and leaf levels. Instead of using AOD indirectly from MODIS products or Aerosol Robotic Network (AERONET) (Cirino et al., 2014; Doughty, Flanner, & Goulden, 2010; Niyogi et al., 2004; Oliveira et al., 2007; Yamasoe et al., 2006) , we conduct in situ, real-time measurements of AOD along with the measurements of other meteorological variables. We estimated stem daily growth rates based on the field records of automatic dendrometer sensor measurements.
We also measured the photosynthesis of sun-grown and shadegrown leaves under a controlled condition and estimated leaf and canopy photosynthesis with real-time metrological variables through mechanistic models. Here, we aim to leverage these intensive field observations to firstly evaluate whether the positive aerosol effect on stem growth holds in our study area under an exceptional wide range of aerosol loading, and then explore the potential mechanisms responsible for the observed pattern. 
| MATERIALS AND METHODS

| Site description and experiment design
| Responses of plant growth
We selected four trees in our experiment plots in May, 2014, and 
| Responses of leaf photosynthesis
The leaf photosynthesis rates of sun and shade leaves were mea- Here, the temperature and VPD data were obtained from the nearby weather station, and the incident PAR, leaf surface CO 2 concentration, and air pressure for each leaf were recorded by LI-6400 when we measured A n . This model was validated by measurements of A-ci curves (Methods S1, Figure S2 ).
Furthermore, we also estimated canopy photosynthesis (An canopy ) by multiple layer model which combined canopy radiation transfer model and the FvCB model of calculating photosynthesis rates of sunlit and shaded fractions (Wu, Serbin, et al., 2017 ) (Methods S2). We separated the whole canopy into 10 layers (n = 10), and partitioned the canopy top incident PAR (approximated by open field PAR, PAR 0 )
into the direct and diffuse components using an empirical model according to our in situ measurements (Methods S2, Figure S3 ). Then we tracked the light transfer across these 10 canopy layers. Briefly, we calculated absorbed PAR by sunlit fractions (PAR sun,i ) and by shaded fractions (PAR shade,i ), and leaf area index of sunlit fractions (LAI sun,i ) and shaded fractions (LAI shade,i ) for each layer i (i = 1, 2, …,n), respectively (Methods S2). Considering the vertical profile of leaf physiology, we also calculated leaf V cmax of each canopy layer (V cmax,i ) assuming that V cmax25 declines exponentially within the canopy (Methods S2) (Lloyd et al., 2010; Wu, Serbin, et al., 2017 
The 
| RESULTS
| Changes in meteorological variables under different aerosol loading
The AOD range in our study was from 0.1 to 1.9 (Figure 1 ). The increase in aerosol loading was accompanied with significant changes in metrological conditions. Total solar radiation and direct radiation were significantly negatively correlated with AOD, while diffuse radiation was positively correlated with AOD ( Figure 1a , b and Figure S4 ). Therefore, the fraction of diffuse radiation showed a strong positive correlation with AOD ( Figure S4 ). Both air temperature and vapor pressure deficit (VPD) decreased significantly with AOD ( Figure 1c , d, and Figure S5 ).
| Responses of tree stem growth and the diving factors
Our field observations demonstrated that the daily stem growth (mm 2 day -1
) of aspen during growing season exhibited significant day-to-day variation (Figure 2a) . The detrended daily stem growth increased linearly by 1.5 mm 2 day -1 (3.11% of mean daily growth) for every 0.1 increase in the detrended daily mean AOD (Figure 2b ) and decreased linearly by 1.7 mm 2 day -1 (3.52% of mean daily growth) for every 0.1 kPa increase in the detrended daily mean VPD (Figure 2c ).
Structural equation modeling (SEM) analysis was further conducted to assess the relative contribution of changes in radiation regime and VPD on stem growth. The SEM suggested that daily stem growth was stimulated by the increased fraction of diffuse solar radiation, but was not affected by total radiation (Figure 3a) . Vapor pressure deficit (VPD), which was negatively correlated with AOD, had a strong negative impact on growth (Figure 3a , p < 0.001). Standardized total effects showed that the enhanced plant growth was mainly driven by the increase in AOD and the decrease in VPD (Figure 3b) , and the absolute magnitude of the standardized total effect of VPD (−0.28) was 58% of the effect of AOD (0.48).
| Responses of leaf photosynthesis and the driving factors
To explore the physiological mechanisms underlying the response of tree stem growth to aerosols, we estimated the actual leaf photosynthesis rates based on a mechanistic leaf photosynthesis model, which was simultaneously driven by field biotic and abiotic observations 
| DISCUSSION
Although the effects of aerosols on ecosystem carbon exchanges have long been studied, few advances have been made in the response of tree growth and the underlying physiological processes.
In this study, we monitored the responses of daily stem growth and leaf photosynthesis under an exceptionally wide range of aerosol loadings from 0.1 to 1.9, which was much wider than the reported values from most previous studies (Doughty et al., 2010 , Kanniah, Beringer, Tapper, & Long, 2010 , Niyogi et al., 2004 , and comparable to episodic haze events induced by biomass burning in the Amazon (Cirino et al., 2014; Oliveira et al., 2007; Yamasoe et al., 2006) . We also partitioned the relative influence of aerosols and the accompanying meteorological conditions on plant responses.
Although previous studies showed that ecosystem net carbon uptake was promoted by the diffuse radiation fertilization effect (Gu et al., 2002; Hollinger et al., 1994; Mercado et al., 2009) , it remains uncertain whether tree growth can also benefit from a higher aerosol-laden sky (Krakauer & Randerson, 2003) . In our study, we found that tree stem growth rates were enhanced significantly during high aerosol loading days (Figure 2b ). Further SEM results indicated that the increased stem growth can be attributed to the higher fraction of diffuse solar radiation and the lower vapor pressure deficit (VPD).
Tree radial stem growth consists of two parts: new structural tissue formation which is associated with photosynthesis and the cell expansion which is mainly driven by turgor changes associated with plant water potential (Steppe, Sterck, & Deslauriers, 2015) . The positive response of stem growth rates to increase in diffuse radiation revealed by the SEM analysis was consistent with the higher photosynthesis induced by aerosols' diffuse radiation fertilization effect in the current study (discussed as below) and also previous studies (Cirino et al., 2014; Cohan et al., 2002; Gu et al., 2003; Knohl & Baldocchi, 2008) . Several recent studies also revealed that stem growth is controlled by water potential aside from carbon supply (Delpierre, Berveiller, Granda, & Dufrêne, 2016; Lempereur et al., 2015) . Under aerosol-laden conditions, the accompanying lower VPD could reduce canopy transpiration (Greenwald et al., 2006) and thus contribute to the maintenance of stem turgor pressure, which is in line with our observation that stem daytime shrinkage induced by water loss is lower under high AOD ( Figure S6 ). The effect of VPD on stem daily growth highlighted that the covarying meteorological conditions had an important role in modulating the response of tree growth under aerosols conditions. (Li et al., 2016; Reinhardt & Smith, 2016) . Both VPD and air temperature had little effects on shade leaf photosynthesis (Figure 5b and d) .
We further estimated the photosynthesis of the entire canopy with a multilayer canopy model (Figure 4c , and Methods S2). Consistent with the faster daily stem growth which presented above (Figure 2), our modeled canopy photosynthesis showed a positive linear relationship with AOD ( Figure 4c ). This finding is in contrast with the hump-shaped canopy photosynthesis responses to AOD reported in previous model studies (Cohan et al., 2002; Knohl & Baldocchi, 2008; Mercado et al., 2009) , which found that canopy carbon uptake began to decline when AOD was higher than around 0.8 or the diffuse fraction greater than around 0.45 under aerosol-loading skies. Such decline was interpreted as that the diffuse radiation fertilization effect could not compensate the reduction in total solar radiation (Hollinger et al., 1994; Kanniah et al., 2012; Knohl & Baldocchi, 2008; Oliphant et al., 2011) . However, our field measurement demonstrated that inner canopy PAR still continued to increase after AOD reached 1.5
( Figure S7 ), at which time the corresponding diffuse fraction was around 0.6 ( Figure S4) . Therefore, the light environment in shade In summary, our study provides the first field evidence on aerosol's positive effects on stem daily growth. We identified that the enhanced photosynthesis in both sun and shade-grown leaf contributes to the faster stem growth rates. We also demonstrated that the accompanying lower VPD played an important role in modulating plant responses to aerosols, and the effects of aerosol loading on leaf photosynthesis were mechanistically different for sun and shade leaves. The observed increase in stem growth indicates that aerosol pollution could increase net primary productivity. While high aerosol emitting countries, such as China, are implementing more stringent emission control to improve the air quality, the reduction in aerosol emission will likely come with a decrease in carbon benefit from aerosols, in which case an even deeper cut in carbon dioxide emission may be needed to achieve the goal of mitigating climate change. Our study also highlights that, besides the aerosol's direct radiative effect, its indirect effect on other environmental factors (e.g., especially VPD) is at least equally important. The future earth system model analysis needs to improve model structure of aerosolmeteorology interactions to better understand the impact of aerosols on ecosystem carbon cycle.
Our results provide empirical estimates of the aerosol effect that can help to benchmark earth system models. However, this is just the first step toward a better understanding aerosol's effect at leafand individual tree-level. Plants' sensitivities to light and VPD could be species-specific (Hanba, Kogami, & Terashima, 2002; Lambers, Chapin III, & Pons, 2008; Tardieu & Simonneau, 1998) , and the physiological responses to aerosol are also influenced by their canopy structure. For example, ecosystems with simple canopy structure may gain little benefit from diffuse fertilization induced by aerosols (Matsui, Beltran-Przekurat, Niyogi, Pielke, & Coughenour, 2008 , Niyogi et al., 2004 , Wohlfahrt et al., 2008 . More field studies on different species in different biomes are needed to assess the generality of the findings. Furthermore, at yearly or longer time scale, aerosols' overall impact on plant carbon assimilation and growth is still unclear and depends on its interaction with other biotic and meteorological factors, such as canopy structure (Niyogi et al., 2004 , Wohlfahrt et al., 2008 , cloud cover (Chen & Zhuang, 2014; Knohl & Baldocchi, 2008) , and other coexisting air pollutants (Yue et al., 2017) . The response of leaf respiration (Yue et al., 2017) to aerosol can also be important considering aerosol's cooling effect on leaf temperature ( Figure S9 ). Understanding those ecophysiological mechanisms is critical for a better projection of the carbon-climate feedback, especially under the scenario that industrializing countries are endeavored to abate aerosol pollution.
